Abstract: Circular dichroism imaging has proved a powerful and simple method for extracting information on chiral molecules without specific fluorescent labels. Numerous mathematical models show that outside the absorption band, the circular dichroism signal comes from the scattering interaction and brings additional information about the organization of biopolymers. With this article, we propose a fast method to control the polarization states without moving parts, by means of a photoelastic modulator. We implemented the technique on a modified commercial confocal microscope realizing a multimodal configuration. We demonstrate its imaging capabilities by studying the organization of chromatin DNA inside isolated cell nuclei.
Introduction
Optical scanning microscopy techniques based on the polarization control of the light are powerful label-free methods capable of extracting supplementary information from a medium, which has shown numerous applications for biomedical studies such as early cancer diagnosis [1, 2] and ophthalmology [3, 4] . Among these techniques, it was shown that Circular Dichroism (CD) microscopy gives access to the structural organization and concentration of chiral molecules in a sample [5, 6] . This technique consists in detecting the difference in intensities between left and right polarization states upon the interaction with the sample. It is worth noting that the sum of such two components, i.e. the total CD signal, comes mainly from absorption and from a weak scattering component [7] [8] [9] [10] . Outside the absorption band, the scattering variant of CD is named Circular Intensity Differential Scattering (CIDS), which is described by the following equation:
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where L I and R I are the detected intensities for the left and right circular polarization states, respectively. Experimental CIDS setups are very similar to each other and are based on the use of Pockels cell or photo-elastic modulator (PEM) to modulate the polarization states at a high-speed rate [11] , compatible to the pixel-dwell time of any scanning microscope system [12] . However, some articles referred that PEM is more robust to thermal deviation, more compact and of easy handling [13] . If this device is coupled with a demodulation detection scheme using a Lock-in Amplifier (LA) at the reference frequency of the PEM, it is possible to analyze the difference of intensities between the right and left circular polarization states in few microseconds. Early results concerning the study of the CIDS contrast pointed out that this signal is strongly dependent on the chiral organization, which is valuable to obtain additional information at the molecular level. Of particular interest are the case studies about biopolymers organization such as the high-order chromatin structure in function of scattering angle [14, 15] and wavelength [16, 17] . Some early works proposed to develop an imaging system to extract as many information as possible from the interaction between polarized light and matter [18, 19] . Some of the solutions suggested revealing the presence of chromatin DNA into cellular nuclei [20] to identify the structural orientation in biological samples [21] or to study nano-biopolymers aggregation [22] . However, most of the recent works reporting CIDS scanning or wide-field microscopy are mainly focused on the study of the molecular organization of thin layers [23, 24] or metamaterials [25] .
In this article, for the first time, we propose a PEM-based multimodal CIDS and confocal laser scanning microscope, applied to the study of the spatial organization of chromatin-DNA in isolated nuclei. We show that it is possible to study this bio-macromolecule outside the absorption band to improve the sensitivity of the CIDS signal from a chiral structure at the single cellular level. Furthermore, we labeled the nuclei with Hoechst 33342 to have a landmark reference for the distribution of chromatin DNA in the nucleus.
Materials and methods

Experimental setup
A block diagram of the experimental setup is presented Fig. 1 . A commercial Nikon scanning microscope has been modified by adding a fast polarization state generator (PSG) based on a PEM and a customized transmission detection module that allows extracting the CIDS contrast pixel by pixel. The light source we used for illumination is a Ti:Sa femtosecond laser (Chameleon Ultra II Coherent Inc., Santa Clara, CA, USA), tuned at 740 nm, a wavelength outside the absorption band of biological samples. To generate the polarization states, we placed a linear polarizer at −45° reference angle and a 50 kHz PEM (PEM-100, Hinds Instruments Inc, Hillsboro, OR, USA) oriented at 0° before the objective lens [15] . The PEM modulates the polarization of the light at a resonant frequency of 50 kHz. Lock-in Amplifiers. LA#1 and LA#2: input channels of the LA, locked at 50 kHz from the reference signal of the PEM. The two APDs are both connected to each channel of the LA and also directly to the control unit. The terms " I + " and " I − " are the detected intensities + 45° and −45° polarization projections after the GT, respectively. The red and green color optical path correspond to the transmitted polarimetric and to the reflected fluorescence path, respectively. Using Mueller formalism [7, 26] , the polarization state of the light after the sample is described with the output Stokes vector out S  :
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In our case, the Mueller matrix of the PEM is similar to the one from a birefringent plate oriented at 0° with the time dependent retardance ( )
where A is the retardation amplitude and ω/2π = 50kHz is the polarization modulation frequency of the PEM.
In the case of an ideal optical alignment, after interaction with the sample, the Stokes vector is: 
The method in our experiment consists in placing a Glan-Taylor prism oriented at + 45° after the sample to be able to select the needed Mueller-matrix coefficients as fast as possible. This optical device splits the beam in two directions with two orthogonal polarization states, which are + 45° and −45° according to the incident reference polarization states before the PEM. In terms of Mueller-matrix formalism, it consists of multiplying out S  by the projection Stokes vectors (1,0,1,0) or (1,0,-1,0), corresponding to the + 45° and −45° output polarization states, respectively. Using Bessel function developments at first order, the output intensity ( ) I t measured by each detectors can be written as a modulated signal in the following way:
where DC I is the DC intensity of the modulated signal and I ω is the modulation intensity at 50
kHz. The intensities I + and I − detected by the two identical detectors at + 45° and −45° are written as functions proportional to the Mueller-matrix coefficients after simplifications and are summarized in Table 1 . In this article, we focus our study only on the CIDS contrast from the sample. From Table 1 , the 00 m and the 03 m elements, i.e. the total transmitted light and the CIDS signal are deduced by adding the two orthogonal DC and 50 kHz measurable intensities, respectively.
We used a 100X/1.3NA Nikon objective (Plan Fluor DIC H, Nikon Instruments, Yokohama, JP) to focus the light on the sample with a diffraction-limited lateral resolution of ≈λ/2NA ≈0.3μm. The light is collected using a 40X/0.6NA Nikon objective (Plan Fluor ELWD, Nikon Instruments, Yokohama, JP) as a condenser. A 50 mm focal length lens was placed between the condenser and the two detectors to maximize the field of view. A GlanTaylor (GT10-A calcite polarizers Thorlabs, Inc., USA) prism splits the beam in two directions depending on its orthogonal polarization states. We acquired the two signals simultaneously with two identical avalanche photodiodes (APD1 and APD2 in Fig. 1 ) with switchable gain (PDA36A-EC Thorlabs, Inc., USA), each one connected to the same LA (HF2LI Zurich Instruments AG, SUI). The two demodulated signals were synchronously collected by the four-channel Nikon control unit (C2 + , Nikon Instruments, Yokohama, JP). At the same scanning time, the control unit also acquires the two DC signals by directly connecting the outputs of each APD to the two other channels. The conventional confocal fluorescence was collected at wavelength below 680 nm in the backward direction by switching one channel of the unit and without moving the sample.
Finally, this setup presents a multimodal scanning microscope, which couples fluorescence and the four transmission polarized channels, detected at two different wavelengths (below 680 nm for the fluorescence and 740 nm for the CIDS signal). We used Nis-Element software (Nikon Instruments, Yokohama, JP) to acquire the image and FIJI [27] to analyze the final CIDS image.
Image acquisition, calibration, and intensities
The image size is 512 × 512 pixels over a field of view (FOV) of 25 × 25 μm 2 . The pixel dwell time depends on the LA integration time and we set both at 20 μs. To improve the signal-to-noise ratio, we performed frame averaging 4 times. Therefore, the acquisition of a single image takes around 20 seconds. This acquisition time is compatible with the biological temporal process of the fixed samples used in this paper. It can be reduce by decreasing the definition of the image and/or the signal-to-noise ratio, which is possible to reach an image acquisition time of 5 seconds.
To take into account the different sensitivities and gains of the two APDs and of the LA channels, we take a background image for calibration, which consists in imaging an area of the sample, which does not contain any cells. After that, the average intensity value is calculated for the two orthogonal images to obtain a rescale factor between the two APDs given by the ratio of such values and denoted as G. The background difference image between the two channels is then applied to all the raw images. An example of the calibration background image is given Fig. 2 . This background calibration step takes into account also optical systematic errors induced mainly by (1) a misalignment of the fast axis orientation of the PEM and GT referred to the input linear polarization, (2) the reflection on the glass interface of the sample, and (3) the presence of residual biological material. In the scanning configuration, additional systematic errors come from the loss of the linear polarization in all the field of view following the Fresnel laws. To compensate this loss, the field of view is reduce 6 to 10 times using the zoom function from the Nis Element software. As shown in Fig. 1 . ( 
This equation shows that we normalize the 03 m by the 00 m image, which means that the CIDS(x,y) image corresponds to the ratio of the CIDS and the total transmitted light detected, that allows to have comparable and reproducible data for all the samples.
Sample preparation
For these experiments, Hek 293 cells are grown in DMEM medium supplemented with 10% FBS, 1% penicillin -streptomycin, 1% glutamine. We obtain the isolation of nuclei by using a hypotonic buffer (10 mM Hepes pH 7.5, MgCl 2 2 mM, KCl 25 mM, 1 mM PMSF, 1 mM DTT and Halt protease inhibitor cocktail from Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 30 min in ice, which swells the cells. Then, the cells can be easily lysed with a glass Dounce pestle with a clearance range of 0.025-0.076 mm (Technovetro s.r.l. Monza, Italy). While monitoring the cell lysis through a bright field microscope, sucrose at final concentration of 250 mM is added to the nuclei solution and the samples are centrifuged at 1200g for 10 min. The isolated nuclei are collected on pellet and are resuspended in nuclear buffer (10 mM Hepes pH 7.5, MgCl 2 2 mM, KCl 25 mM, 250 mM sucrose and Halt protease inhibitor cocktail). Then, the nuclei are centrifugated at 800g for 15 min and re-suspended in the nuclear buffer for the three times before incubation with Hoechst 33342 (Thermo Fisher Scientific) at the dilution 1:1000, for 10 min. Finally, the extracted nuclei are resuspended in a fixation solution consisting in 3.2% Paraformaldehyde (PFA) and 0.1% Glutaraldehyde (GA) in PBS. For fluorescence and CIDS scanning microscopy, the labelled nuclei are seeded on a 24 mm coverglass, previously treated with Poli-L-Lysine (Sigma-Aldrich) for 30 min at 37° C.
Results and discussions
For several cellular phases, we expect to see a strong contrast in the CIDS signal inside the nucleus induced by the presence of chromatin DNA. However, it is worth noting that the chromatin is more compact at the nuclear periphery, in correspondence to a transcriptionally inactive region, called heterochromatin. In the deeper part of the nucleus, chromatin DNA can be dispersed, depending on the gene expression, called euchromatin [28, 29] . One should note that the smaller chiral group possible to detect with this method was discussed by C. Bustamante et al. [8] and in many other early works [15] . It was shown that the CIDS signal could be sensitive to a long-range organization of chiral structures, greater than 20 nm. This scale corresponds to the spatial conformation of chromatin-DNA for the actual cell phase under study. Thus, this technique is suitable to be able to distinguish, in a specific way, the difference of compaction inside the nucleus compare to the fluorescence modality. These orders of magnitude, linked to the spatial resolution this technique can reach, give a good approximation to interpret the information brings from the CIDS images analysis, but can change by modifying the numerical aperture objective or the detection system. Figure 3 shows the first images obtained with our CIDS scanning microscope presented in Fig. 1. Figures 3(a) The CIDS contrast in Fig. 3(c) presents different physical phenomena measured by our setup and can be explained with (1) the different compactness of chromatin-DNA, (2) the different structural organization of the biological materials and (3) the natural proteins in the biological medium. Figure 4 presents the superposition of the two optical microscopy modalities polarimetric and fluorescence available at the same time in our setup, without moving the sample. Indeed, to observe the different spatial organization of chromatin DNA into the nucleus, the sample is labelled using Hoechst 33342 which has a fluorescent spectrum between 510 nm and 540 nm and reveals the presence of DNA only inside the nucleus. The images in Figs. 4(a) and 4(b) show to the normalized CIDS images, i.e. the ratio between the images Figs. 3(c) and 3(f) , and to the fluorescence contrast, respectively. Figure 4(c) is the merge image of Figs. 4(a) and  4(b) . The intensity profile along the orange arrow in Fig. 4(c) is shown in Fig. 4(d) . Blue and green plots correspond to the polarimetric [ Fig. 4(a) ] and the fluorescence [Fig. 4(b) ] signals, respectively. Concerning the normalized CIDS image in Fig. 4(a) , an important variation of intensity from the background can be observed between the nucleus and at the interface, which goes up and down in few microns, indicated by dashed bars in Fig. 4(d) . As expected, the CIDS and the fluorescence images [Figs. 4(a) and 4(b) ] show strong signals from the chromatin-DNA only inside the cell nucleus and nothing elsewhere. Nevertheless, a clear difference between the two modalities can be noted in term of intensity fluctuations and dynamics in the chromatin-DNA area. In principle, the optical resolution is better for fluorescence, which is proportional to 2 I , contrary to the CIDS signal [15, 21] limited by the Rayleigh's criterion i.e. / 2NA λ ≈ . The main point is that the fluorescence emission is isotropic (i.e no preferential angular emission) and it depends only on the quantity of fluorescent molecules under illumination in the confocal volume. Thus, it is not possible to distinguish particular structures or chiral-group inside the nucleus with this imaging modality. On the other hand, CIDS emission is angular dependent [21] and it is strongly induced (1) by the chirality of the molecules, such as the radius and the pitch and (2) by the compaction of chiral-groups. Figure 4 (a) demonstrates a clear proof of principle of our technique, which allows distinguishing regions with a stronger signal where the compaction is higher, i.e. heterochromatin regions, and a weaker signal, such as for the nucleoli where the compaction is lower, i.e. euchromatin region. However, the main advantage of this polarimetric method compared to the fluorescence technique is the possibility to obtain better contrast mechanisms, with no specificity on the imaging process and without using any labels. Finally, we note that biological materials can be observed around the nucleus and can induce artifacts in the polarimetric image background, which can be removed by optimizing the biological extraction protocol. 
Conclusion
In this article, we have reported an imaging technique for isolated nuclei using polarimetric measurements, based on the CIDS signals analysis. We believe that this method will open new way to study the mechanisms of nuclear organization and could pave the way for other applications. This microscopy technique could be a tool for the quantification of the CIDS signal to distinguish healthy from diseased cells or tissues. However, by switching the reference signal of the PEM at the first harmonic, i.e. 100 kHz, we can be also able to extract other Mueller-matrix elements, such as the linear dichroism, that can be another source of contrast for oriented biopolymers or fibers to understand for instance the orientation of proteins at this microscopic level. m by summing and subtracting the two orthogonal intensity images, without moving the sample. It can be observed that some coefficients for this sample are less relevant, such as 23 m and 02 m . Indeed, some specific polarization interactions are not sensitive to the structures, the orientation and the thickness of the nucleus. The image 22 m is linked to the total transmitted light, which explains the strong contrast correlated to the 00 m image. Figure 6 presents the images in Fig. 5 , normalized by the total transmitted light, i.e. the 00 m image. We can observe variabilities in terms of the dynamic range as a function of the Mueller-coefficients presented by the chromatin-DNA organization. In this way, the number of information available with this technique is interesting to quantify and compare the different polarization effects of this kind of sample. Indeed, common spectrometric measurements for biopolymers are used to measure only few bio-molecules in a small volume at specific polarization states. Using scanning microscopy in the 2D focal plane, we can have access to information from a complex biological system under illumination, sensitive to all the polarization states in a short time. By analyzing Mueller-matrix element-by-element, it is possible to discriminate all the effects present in the image and to quantify the amplitude of the polarimetric effects, such as linear or circular dichroism and birefringence. By selecting few elements, some information about the scattering is also available. It can be noted that the membrane signal is lost with some Mueller-matrix coefficients, contrary to the chromatin-DNA, whose signal is stronger and which shows an interesting intensity dynamic range. Considering that some Mueller-matrix elements have an angular dependence, the membrane signal is probably not collected in the forward direction by the condenser, in this setup configuration. Considering that angular detection systems coupled with a microscopy technique are difficult to be implemented and can be expensive, we can use some elements as a promising tool to remove artifacts from the image of the sample or just to select the signal we are interested in, in an easy and cheap way.
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